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Abstract—Energy efficiency (EE) optimization of millime-
ter wave (mm-Wave) massive multiple-input multiple-output
(MIMO) systems is emerging as an important challenge for the
fifth generation (5G) mobile communication systems. However,
the power of radio frequency (RF) chains increases sharply due to
the high carrier frequency in mm-Wave massive MIMO systems.
To overcome this issue, a new energy efficiency optimization
solution is proposed based on the structure of the generalized
spatial modulation (GSM) and sub-connected hybrid precoding
(HP). Moreover, the computation power of mm-Wave massive
MIMO systems is considered for optimizing the EE. Simulation
results indicate that the EE of the GSM-HP scheme outperforms
the full digital precoding (FDP) scheme in the mm-Wave massive
MIMO scene, and 88% computation power can be saved by the
proposed GSM-HP scheme.
Index Terms—energy efficiency, generalized spatial modula-
tion, millimeter wave, massive MIMO
I. INTRODUCTION
Millimeter wave (mm-Wave) communication and massive
multiple-input multiple-output (MIMO) are two key tech-
nologies in the fifth generation (5G) mobile communication
systems [1]. Despite the fact that the mm-Wave technology
can enable high-rate communication, fast attenuation and short
communication distance will limit the performance of mm-
Wave communication systems [2]. Fortunately, massive MIMO
technology can provide high beamforming gain, which can
concentrate the transmission energy in a certain direction and
overcome the attenuation problem of mm-Wave transmission
[3] [4].
Although the 5G mm-Wave massive MIMO systems can
increase the spectrum efficiency, the large number of RF
chains in the massive MIMO systems will consume huge
energy and restrict the improvement of the EE [5] [6]. To
reduce the energy consumption of RF chains, hybrid precoding
(HP) technology is proposed to lessen the number of RF
chains in the massive MIMO systems [7] [8].There are two
typical hybrid precoding structures currently, i.e. the sub-
connected structure and the fully-connected structure. The sub-
connected array adopts the structure that each RF chain is
merely connected to part of the antennas through a phase
shifter. In this way, system complexity is reduced at the cost
of the antenna gain, which is more valuable for improving the
EE.
Generalized spatial modulation (GSM) is another technol-
ogy that has shown promise in reducing the number of RF
chains. By utilizing the additional spatial dimension, GSM can
improve the EE of massive MIMO system while guaranteeing
the spectral efficiency [9]. The input data streams in GSM
are divided into two parts, one part is the amplitude-phase
modulation (APM) domain data streams for the traditional
N-order symbol modulation, and the other part is the space-
domain data stream for the antenna selection [10] [11]. GSM
takes the index of activated antennas as spatial symbols that
exploit degree of spatial freedom without introducing any RF
chains. Therefore, combining GSM with mm-Wave massive
MIMO system can effectively reduce the power consumption
and hardware complexity.
Most of the studies regarding the EE of cellular networks
ignore the computation power of the base station or simply
set it to a constant value [12] [13] [14] [15]. But [16] points
out that the computation power of the massive MIMO system
will consume more than 50% energy at the base station, and
the optimization of computation power plays a major role in
the improvement of the EE for 5G cellular networks. In this
paper, we study the EE of the system combining GSM with HP
technology in the mm-Wave scene, and the computation power
is considered in the analysis. The EE is analyzed with respect
to the number of active users, RF chains, and antennas per
group via simulations. Note that the GSM-HP system was first
proposed in [17], in which spectral efficiency was studied. To
the best of our knowledge, this paper is the first to research the
EE of the GSM-HP system in the mm-Wave massive MIMO
scene.
The remainder of this paper is organized as follows. The
system model of the GSM with sub-connected HP scheme is
described in Section II. Section III analyzes the EE of the
system. In Section IV, simulation results are provided, and
Section V concludes this paper.
II. SYSTEM MODEL
In this paper, we analyze the EE of the GSM with sub-
connected HP scheme. The block diagram is given in Fig. 1,
where a mm-Wave massive MIMO system with NT transmit
antennas and K single-antenna users is considered.
Fig. 1. System model of the GSM with sub-array HP scheme.
The input of the system includes 1 space-domain data
stream and NS = K APM-domain data streams. The NS
APM-domain data streams are then transmitted to the base-
band precoder to generate NRF RF-domain symbols. Since
the sub-connected hybrid precoding structure is adopted, we
divide the NT transmit antennas into NM antenna groups,
and each group consists of NK antennas, which satisfies
NT = NMNK. According to the principle of GSM, it is
required that NS ≤ NRF < NM. Therefore, the space-domain
date stream can control the switches to distribute the output
signals of RF chains to NRF out of the NM antenna groups,
while the remaining (NM −NRF) antenna groups will not be
activated during the signal transmission period.
The number of available spatial modulation schemes is
symbolized by M ≥ 1. Each spatial modulation scheme is
determined by the space-domain data stream, M can thus be
expressed as:
M = 2
log
2

NM
NRF



, (1)
where (

) denotes the binomial coefficient and ⌊⌋ denotes the
floor operation. We let Cm ∈ CNT×NRF represent the m-th
spatial modulation matrix with 1 ≤ m ≤M . Due to the space
limitation, the explanation for the spatial modulation matrix
is omitted here, and more technical details can be found in
[17]. Finally, the received signal vector y ∈ CK×1 is given as
follows when the m-th spatial modulation scheme is selected:
y = HHACmDmx+ n, (2)
where A ∈ CNT×NT represents the RF precoding matrix, and
Dm ∈ CNRF×NS represents the baseband precoding matrix
when the m-th spatial modulation matrix is selected. Limited
by the total transmitting power Pmax of the base station, the
precoding matrix is required to satisfy:
‖ACmDm‖2F = Pmax, (3)
where ‖‖F denotes the Frobenius norm of the matrix.
We let x = [x1, . . . , xk, . . . , xNS ]
T
symbolize the NS
APM-domain data streams, where xk obeys a complex Gaus-
sian distribution with 0-mean and 1-variance, and n =
[n1, . . . , nk, . . . , nK]
T
symbolize the additive white Gaussian
noise (AWGN), where nk obeys a complex Gaussian distribu-
tion with 0-mean and σ2N-variance. []
T
denotes the transposi-
tion.
HH ∈ CK×NT is the mm-Wave massive MIMO channel
matrix, and hHk ∈ C1×NT represents the channel matrix of the
k-th user. Obviously, HH = [h1, . . . ,hk, . . . ,hK]
H
, where []H
denotes the conjugate transposition. Due to the high-path-loss
propagation characteristic in free space, the spatial selection
and scattering of mm-Wave are limited. Meanwhile, the large-
scale antenna array structure of the mm-Wave transceiver
leads to high correlation of the antenna, and the number of
propagation paths of mm-Wave is much smaller than that of
transmission antennas. Therefore, it is not accurate to model
the mm-Wave channel with the statistical fading distribution
that used in conventional MIMO analysis in a sparse scattering
environment. In this paper, we adopt the geometric channel
model with a finite scattering and multipath to characterize
the mm-Wave MIMO channel [18]. The channel matrix of the
k-th user is given as:
hk =
√
NTβk
Nray
Nray∑
i=1
ρkiu (ψi, ϑi), (4)
where Nray represents the number of multipath between
users and the base station, and NT represents the number
of transmission antennas. βk = ζ/l
γ
k is the large-scale fading
coefficient between the base station and the k-th user, where
ζ obeys a lognormal distribution with 0-mean and 9.2 dB-
variance and lk represents the distance between the k-th user
and the base station. γ is the path loss factor and is set as
4.6 in this paper [19]. ρki is the complex gain of the k-th
user on the i-th multipath, which is considered as the small-
scale fading coefficient. Furthermore, ρki is an independent and
identically-distributed random variable for each k(1, . . . ,K)
and i(1, . . . , Nray). ψi and ϑi represent the azimuth and ele-
vation angle of the i-th multipath between users and the base
station from the antenna array of the base station, respectively.
Compared with other antenna structures, the two-dimensional
planar antenna array is smaller in size and less complex to
make the most of the angle information of the signal, which
is more suitable for a mm-Wave massive MIMO system.
Therefore, we employ the planar antenna array structure in this
paper. The array response u (ψi, ϑi) corresponding to azimuth
angle ψi and elevation angle ϑi is formulated as follows:
u(ψi, ϑi) =
1√
NT
[1, . . . , exp j
2pi
λ
d(l sin(ψi) sin(ϑi)
+r cos(ϑi)), ..., exp j
2pi
λ
d((L − 1) sin(ψi) sin(ϑi)
+(R− 1) cos(ϑi))]T,
(5)
where λ represents the carrier wavelength and d = λ/2
represents the inter-element spacing. Besides, 0 ≤ l ≤ (L− 1)
and 0 ≤ r ≤ (R− 1) are the row and column of antenna array,
and the size of the antenna array is NT = LR.
III. ENERGY EFFICIENCY OPTIMIZATION
In this paper, the energy efficiency ηEE of mm-Wave massive
MIMO systems is expressed as [20]
ηEE =
Rtotal
Ptotal
, (6)
where Rtotal is the wireless channel capacity of mm-Wave
massive MIMO systems, and Ptotal is the total power of mm-
Wave massive MIMO systems.
A. Wireless Channel Capacity
According to the system model in Section II, the received
signal of the k-th user is given as
yk = h
H
kACmDmx+ nk. (7)
The spectral efficiency Rk of single-user GSM is calculated
by the mutual information between x, m and yk, i.e.
Rk = I (yk;x,m). (8)
Since m is a discrete channel input, the mutual information
above cannot be expressed in a closed form, which brings
great inconvenience to the performance analysis. In [17], an
approximate closed-form expression of spectral efficiency is
provided:
Rk = log2
M
2σ2N
− 1
M
M∑
n=1
log
2
(
M∑
t=1
∣∣∣∑
k,n
+
∑
k,t
∣∣∣−1
)
,
(9)
where
∑
k,n symbolizes the conditional covariance matrix of
yk when the n-th spatial modulation matrix is chosen.
∑
k,n
is given as follows:∑
k,n
, σ2N + h
H
kACndn,kd
H
n,kC
H
nA
Hhk. (10)
Based on the spectrum efficiency of the k-th user, the total
channel capacity can be expressed as
Rtotal = B
K∑
k=1
Rk, (11)
where B represents the bandwidth.
A reasonable hybrid precoding algorithm can achieve the
same system performance as the optimal full-digital precoding
(FDP) [21].Therefore, to simplify the analysis, we assume the
performance of HP consistent with full-digital zero-forcing
precoding when calculating the channel capacity.
B. Power Consumption
As mentioned in Section I, the computation power cannot
be ignored or set to a constant in the mm-Wave massive
MIMO scene. Similar to [22], we divide the total power of
the base station into three parts, including transmission power,
computation power and the fixed power:
Ptotal = Ptransmission + Pcomputation + Pfix. (12)
The detailed power consumption is modeled below based
on the system introduced in Section II.
1) Transmission Power: Transmission power consists of
power consumed by amplifiers, radio frequency and switches.
The amplifier power PPA is expressed as
PPA =
1
α
‖ACmDm‖2F =
Pmax
α
, (13)
where α stands for the efficiency of the amplifier.
The RF power includes the power of RF chains and phase
shifters in the RF precoding. Considering that there are only
NRF out of NM antenna groups chosen to work in the GSM
system, hence the number of working antennas is NRFNK,
which is equal to that of phase shifters. With PRF per chain
symbolizing the power of each RF chain and Pper shifter sym-
bolizing the power of each phase shifter, the RF power is
formulated as:
PRF = NRFPRF per chain +NRFNKPper shifter. (14)
Switches are required to select the antenna groups in the
spatial modulation structure, the switch power can thus be
expressed as
Pswitch = NRFPper switch. (15)
According to (13) (14) (15), we then obtain the transmission
power:
Ptransmission =
Pmax
α
+NRFPRF per chain
+NRFNKPper shifter +NRFPper switch.
(16)
2) Computation Power: Computation power is composed
of all the power consumed by the base station for calcula-
tion, including channel estimation, channel coding, and linear
processing.
The channel estimation is processed within a stable coherent
block, therefore, the channel estimation power is expressed as
the product of the number of coherent blocks unit time νblock
and the energy consumption per channel estimation κ, i.e.
PCE = νblockκ, (17)
where νblock is calculated by the coherence time Tc and the
coherence bandwidth Bc, i.e.
νblock =
B
BcTc
. (18)
κ in (17) is given as
κ =
γCE
LBS
, (19)
where γCE represents the floating-point operations needed per
channel estimation and LBS represents computation efficiency
(in Gigaflops/Watt) of the base station. Assuming that the
pilot-based channel estimation method is adopted, then NT
pilot sequences will be received at the base station. The length
of each pilot sequence is τK , where τ ≥ 1 denotes the
factor that enables the pilots to be orthogonal. The base station
estimates the channel according to the product of the pilot and
pilot sequences with the length of τK [23], γCE can thus be
formulated as
γCE = 2τNTK
2. (20)
According to (18) (19) (20), we obtain channel estimation
power:
PCE =
B
BcTc
2τNTK
2
LBS
. (21)
Channel coding power is proportional to the information
rate, which is written as
PCD = PCODRtotal = PCODB
K∑
k=1
Rk, (22)
where PCOD represents the efficiency of channel coding (in
Watt per bit/s).
In this paper, linear processing includes baseband precoding
and solution of the precoding matrix. The power of baseband
precoding is expressed as:
PBB = B
γ
LBS
, (23)
where γ represents the floating-point operations per baseband
precoding. The product of the baseband precoding matrix
(NRF × NS) and the data stream matrix (NS × 1) requires
2NRFNS floating-point operations [24]. Considering that the
baseband signal is in the complex domain, we modify the
floating-point operations as
γ = 8NRFNS. (24)
According to (23) (24), the power of baseband precoding is
given by
PBB = B
8NRFNS
LBS
. (25)
The solution of the precoding matrix is carried out evert
time channel estimation is processed, the power consumed by
the solution of the precoding matrix can thus be expressed as
the product of the number of coherent blocks unit time νblock
and the energy consumption per solution operation κprecoding:
PLP C = νblockκprecoding, (26)
where κprecoding can be expressed as the ratio of floating-point
operations required to perform a solution of the precoding
matrix to the computation efficiency of the base station, i.e.
κprecoding =
γprecoding
LBS
. (27)
The power consumed by the solution operation of the
precoding matrix can then be concluded as:
PLP C =
B
BcTc
γprecoding
LBS
. (28)
According to (25) (28), we obtain the linear processing
power:
PLP = B
8NTNS
LBS
+
B
BcTc
γprecoding
LBS
. (29)
Moreover, according to (21)(22)(29), the computation power
can be expressed as:
Pcomputation =
B
BcTc
2τNTK
2
LBS
+ PCODB
K∑
k=1
Rk
+B
8NTNS
LBS
+
B
BcTc
γprecoding
LBS
.
(30)
3) Fixed Power: Other power, such as cooling, voltage
conversion loss, etc., is set to the fixed power Pfix.
Finally, by submitting (16) and (30) into (12), the total
power of the base station is given as follows:
Ptotal =
Pmax
α
+NRFPRF per chain +NRFNKPper shifter
+NRFPper switch +
B
BcTc
2τNTK
2
LBS
+ PCODRtotal
+B
8NRFNS
LBS
+
B
BcTc
γprecoding
LBS
+ Pfix.
(31)
IV. SIMULATION RESULTS
In this section, we present the simulation results charac-
terizing the EE of the considered GSM-HP system compared
with traditional full-digital zero-forcing precoding system. In
particular, the computation power is taken into account when
calculating EE. The simulation parameters are given in Table
I.
In Fig. 2, we plot the EE of GSM-HP system and FDP
system with respect to the number of users. It can be observed
that the EE of FDP goes down as the number of users
increases. Huge energy consumption, especially computation
power is required by more users, while the FDP system
cannot provide the corresponding capacity gain in the mm-
Wave scene. The EE of GSM-HP is positively correlated with
the number of users at the first beginning, and vanishes as
more users are added, but is still superior to FDP. Spatial
modulation technology utilizes spatial freedom to increase
TABLE I
SIMULATION PARANETERS
Parameters Values
Transmitting power Pmax 39 dBm
Power spectral density (PSD) of noise -174 dBm/Hz
Efficiency of power amplifier α 0.38
Bandwidth of mm-Wave B 800 MHz
Power per RF chain PRF per chain 45 mW
Carrier frequency fc 28 GHz
Coherent time Tc 5 ms
Coherent bandwidth Bc 100 MHz
τ 1
Computation efficiency of base station LBS 12.8 Gigaflops/Watt
Efficiency of channel coding PCOD 10
−10 Watt per bit/s
power per phase shifter Pper shifter 15 mW
power per switch Pper switch 5 mW
fixed power of base station Pfix 1 W
Number of multipath Nray 20
Path loss factor γ 4.6
Azimuth angle ψi and elevation angle ϑi [0, 2pi] uniform distribution
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of Users
0.5
1
1.5
2
2.5
3
3.5
4 ×10
8
GSM-HP:(Nrf,Nm,Nk)=(14,16,8)
FDP:(Nrf,Nm,Nk)=(14,16,8)
GSM-HP:(Nrf,Nm,Nk)=(31,32,6)
FDP:(Nrf,Nm,Nk)=(31,32,6)
9 10 11 12
6.5
7
7.5
8
8.5 ×10
7
Fig. 2. Energy efficiency VS. number of users of different schemes.
channel capacity without bringing in extra power consumption.
Therefore, when there are not too many users, the capacity
gain provided by spatial modulation can compensate for the
decline in energy efficiency of the system. But the gain is
finite, the EE decreases as users increases furthermore.
The EE against the number of RF chains is investigated in
Fig. 3. In this part of simulation, RF chains of the FDP scheme
are required to be equal to the number of antennas, therefore,
the EE of FDP is a constant value. While the EE of GSM-HP
declines as the number of RF chains increases, indicating that
the increasing RF chains bring in more energy consumption.
Fig. 4 depicts the relationship between the EE and the
number of antennas per group. Note that FDP does not group
the antennas, curves of the FDP scheme show the results
of the same number of total antennas as the corresponding
GSM scheme. In Fig. 4, the EE of GSM-HP increases with
the increase in the number of antennas per group, while FDP
3 4 5 6 7
Number of RF Chains
0
1
2
3
4
5
6 ×10
8
GSM-HP:(K,Nm,Nk)=(3,8,16)
FDP:(K,Nm,Nk)=(3,8,16)
GSM-HP:(K,Nm,Nk)=(3,8,32)
FDP:(K,Nm,Nk)=(3,8,32)
Fig. 3. Energy efficiency VS. number of RF chains of different schemes.
2 3 4 5 6 7 8
Number of Antennas per Group
0
0.5
1
1.5
2
2.5 ×10
8
GSM-HP:(K,Nrf,Nm)=(10,14,16)
FDP:(K,Nrf,Nm)=(10,14,16)
GSM-HP:(K,Nrf,Nm)=(10,31,32)
FDP:(K,Nrf,Nm)=(10,31,32)
Fig. 4. Energy efficiency VS. number of antennas per group of different
schemes.
decreases. According to the EE analysis in Section III, more
antennas per group only introduces the energy consumption
of channel estimation, solution of precoding matrices, and
analog phase shifters in GSM-HP. While the times of mm-
Wave channel estimation is small, resulting in the energy
consumption of channel estimation and solution of precoding
matrices being very low. Besides, the energy consumption
of analog phase shifters can be ignored compared with the
computation power. As a result, the increase in the number
of antennas per group does not call for excessive energy
consumption, but improves the capacity significantly, which
contributes to higher EE.
Furthermore, to have a deeper view of what effect the
proposed GSM-HP scheme will have on the computation
power, we illustrate computation power versus the number of
users in Fig. 5. As shown in Fig. 5, the computation power
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of Users
0
100
200
300
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Fig. 5. Computation power VS. number of users of different schemes
(NRF,NM,NK)=(14,16,8).
increases sharply for both schemes along with more users. But
the GSM-HP scheme can economize 88% power consumption
compared with the FDP scheme, which shows great promise
in improving the EE of 5G cellular networks.
V. CONCLUSION
In this paper, we investigate the EE of the GSM with
sub-array HP scheme in the mm-Wave multi-user massive
MIMO scene. The EE, considering the computation power,
is modeled according to the GSM-HP system. Moreover, the
relationships between the EE and the number of users, RF
chains and antennas are analyzed. Simulation results show
that, combining both GSM and HP technologies can lower
the computation power by reducing the number of RF chains.
The GSM-HP scheme can improve the EE compared with the
traditional full-digital zero-forcing precoding scheme.
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